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ABSTRACT 


A testinq proqram to dotoniline tho timo-tomperaturo response of 
unidirectional T300/934 graphite/epoxy materials, is described. Short-term 
(15 min. duration) creep test results of strip tensile speciim'n with the 
load at various angles to the fiber direction and at various temtK'raturc 
levels are reported. It is shown that the material in elastic at all 
temperature levels when the fiber is in the load direction. On the other 
hand, when the load is transverse to the fibers the viscoelastic response 
is shown to vary from small amounts .at room temperature to large amounts 
for temperatures in excess Of the Ti^ (180‘'C). For other fiber angles, 
i.e., 10'\ 30‘\ 60^*, the response is similar to the latter. 

The time temperature superposition principle. or the method of reduced 
variables is used to detemine compliajice master curves for each fiber 
angle tested. The 10" results are used to obtain the master curve for the 
in-plane viscoelastic shear modulus. The viscoelastic equivalent to the 
elastic orthotropic transfomation equation is used incrementally to pre- 
dict the master curves for the tensile compliance of the off-axis specimen. 
The incremental procedure by which the predictions are made are described 
in detail. The predicted master curves are compared to the ones detennined 
experimentany. Further, 25 hour creep test results for T - 1B0‘’C are 
compared to predictions. Agreement between theory and experiment in all 
cases is reasonable. 
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INTRODUCTION - . 

Advanced composite laminates have enormous potential for wide use 
as primary and secondary, structuraJ components In aerospace applications 
due to their high strength to weight ratios. At present a number, of fac- 
tors Inhibit the ready, acceptance of these materials by a.1r frame manu- . 
facturers. One such factor Is. the current lack of understanding of the 
mechanical behavior of polymer based laminates under certain long-term 
environmental exposure conditions. It Is well known that the epoxy resins 
which are now used as the polymer matrix component of a composite exhibit 
viscoelastic or time effects which are significantly affected by exposure 
to both temperature and humidity. Epoxies soften as temperatures are In- 
creased with resulting loss of both moduli and strength [1-4]. In addi- 
tion, they absorb moisture and swell giving rise to residual stresses 
[5-8]. 

Obvlo'jsly, polymet based composite laminates will be similarly 
affected by moisture and temperature under certain circumstances. Fiber- 
dominated composites are not likely to suffer large reductions of either 
moduli or strength in the fiber direction. In other directions, proper- 
ties will be Affected by losses of both strength and modulus. Perhaps 
more Importantly, drastic Interply effects will occur. That Is, delamina- 
tions due to Internal residual stresses caused by both temperature and 
humidity are likely to occur together with a general loss of Interply 
shear transfer capacity. 

Because of these effects of environment, there Is concern that time- 
dependent properties such as creep, relaxation, delayed failures, creep 
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^Ptures. etc «y be Important Ion, -tern design consieeratlons fon e 
tea^enature and a^Utune levels anticipated In curnent stnuctona appU- 
ct.ons. in fact. It bas been sho«n that a delayed or ‘ 

Picture response -as encountered during a neUaatlon test of a • S J^s 
tensile strip containing a circular-hole af stress levels near uU1.» e 
that U. a creep to fallure-response occ.red for Individual plies 
uven though the applied load. to the laminate was relaxing In a fUe gr P 
.Uuatlon, Ohvlously. should the sa.e pheno.e,a occurjn protot,pe struc- 

t...es, unsafe premature failures would occur. 

To be able to predict the lifetime of a structure under known oa - 

conditions regulres elthe. long-term testing or a model upon «h,ch^ 
,„„g.tem results can be predicted from short-term tests. 0 vrous y. 
tern testing equivalent to the duration of the lifetime of a st^c^u^ 
„™,es1rable. The alterative Is to develop analytical or expen^U 
„aels Which can he successfully used for extrapolation, for metals and 
polymers a variety of techniques are available such as linear e as 

stress analysis, empirical extrapolative equations such as the Lars.- 

a-u .4 KUnhr's rule attd frequency independence, the time 
Miller parameter method. Minor s ru 

temperature superposi ti on. pri nci pi e , etc . 

one objective of this investigation was to study and measure 

„han1c,l viscoelastic response of a lamina that Is ^ ^ 

analytical characterization of a laminate. This was to be accompli 
re usual method of ascertaining the appropriate properties of a u„ - 
directional l«1.te and assuming that the results would he app 
a single lamina., further, another objective was to dete™,1ne If he Ime 
temperatu. superposition principle could he applied to unidirectional 
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properties and to use the saster curves so ..enerated to, ether «ith the . 
orthotropic tr,nsfon»tion cuatioh to predict the off-axis c^pii.nce of 

a unidirectional laminate. 

material properties 

Wheo a..unfdircct1onal continuous fiber composite lamina is elastically 
aeforsad under a state of plane stress, only four elastic consunts are 
required to completely characterize the material behavior. In terms o 
enqineerin, constants, these quantities are the principal Younq's moduli, 
Poisson’s ratios, and the in-plane shear modulus. The Younq’s »duli are 
usually written as E„ and where E„ is the modulus when the applie 
,„ed is parallel to the fibers, and E^z is the modulus when the fibers are 
perpendicular to the applied load. The hoisson’s ratios are expressed as 
V 12 or V 21 . or simply as v,j. where is the-ratio of transverse stra n 
the J-direction to the lonqitudinal strain in the i-direction for a 
stress in the i-direction. And finally, the shear modulus is normally 
written as G 12 , which is the intralamina shear modulus. Thus, it would 
appear that five elastic constants are necessary to characterize ortho- 
tropic behavior. However, the reciprocal relation v,2 E22 ' '’21 ^1' "*■' 
be satisfied, leavinq only four elastic constants. 

Experimentally, only three laminate orientations are required to ob- 
tain the four elastic constants. Three of the constants. E„. E„. and 
can be easily dete«ined [10]. and the intralamina si -.’r modulus can be 
found usinq the 10” off-axis tensile test p.-oposed by Daniel and Liber [ 
and Chamis and Sinclair [12]. A recent comparative study by Yeow and 
Orinson [13] on the shear response of T300/q,T4 qraphite/epoxy laminates 
concluded that the 10” off-axis test qa.e better results tor the shear 
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Mechanical conditiorting was accomplished by first subjecting speci- 
mens to creep loads of approximately 50% of the room temperature ultimate 
strength. After 16 minutes the load was removed, the specimen was allowed 
to recover to approximately zero strain, and the process was repeated five 
times. The same specimens were then subjected to fifty low frequency 
cyclic loads. Mechanical properties measured after the cyclic loading 
were essentially the same as those meas* ed after the first thermal cycle. 
Thus, conditioning of the specimens was unnecessary, and it was established 
that the same specimen could be used repeatedly. 

DATA REDUCTION AND DISCUSSION OF RESULTS 
The glass transition temperature was determined by placing specimens 
instrumented with three-element rectangular strain gage rosettes in a - 
thermal chamber and measuring thermal expansions as a function of tempera- 
ture. Each measurement was made after an equilibrium temperature was 
reached. The results, shown in Figure 1, indicate two transition tempera- 
tures. A secondary transition temperature, Tg® occurred at 60“C, whereas 
the primary glass transition temperature, Tg, was at 180‘’C. Thermal 
cycling did not appreciably affect the results. 

Figure 1 also reveals three distinct values of the coefficient of 
thermal expansion in the 90" (perpendicular to fibers) and 45" directions. 
The coefficient of thermal expansion in the 90" direction- was tw4«e that 
in the 45" direction, as it should be if the tensor transformation equa- 
tions hold. Thermal expansion along the fibers was very small. 

A typical creep and recovery curve is shown in Figure 2. In order 
to consider the material as linear viscoelastic, the instantaneous creep 


and creep recovery strains, .q. should be the same [18]. In iHl Isothermal 
tests such a response was noted. 

Another linearity check is shown in Figure 3, where creep stress is 
plotted against 15 min. creep strain, for two temperatures. This figure 
shows that there was an upper bound below which the axial stress - axial 
strain (15 min.) relationship was linear, and that the upper bound tended 
to decrease for increasing temperatures. In all subsequent calculations 
the applied load was such that the axial stress - 15 min. axial strain 

relationship was in the linear range. 

Figure 3 also shows a linearity check for shear stress - shear strain. 

This behavior was obtained from a [lO^'lgg tensile test, similar to ”,K.t 
used by Chamis and Sinclair [12] and Yeow and Brinson fl3 ra- 

lamina shear stress, determined from- the trans.ornu^tion equation 

for stress as 

’ 12 ' 1 "x 

Where x denotes the load direction, and o is the angle between the load 
direction and the fiber (or 1) direction. For the [ 10 "]q 5 specimen, 

0 = 10 ^ 

Using the strain transformation equations, the shearing strain, '» ^ 2 ’ 
was calculated from the equation 

'12 ‘ -‘‘x - ‘y’ * 'xy 

where 

'xy ' 45“ ■ 'x • '■y 

in these equations ,, and >,50 are the axial, transverse, and 45- 
strains, respectively, obtained from the three-element rectanqular rosettes. 
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Five material parameters were measured In each Isothermal creep test. 
These were the compliances aiid„Jibe Poisson's ratios represented by S-|.|< 

$ 22 * Sgg, v ^2 '’ 21 * parameters, and v.j 2 # were found to be time 

and temperature Independent while the remaining three were found to be time 
and temperature dependent for the range of temperatures considered. The 
reduced viscoelastic compliances and Poisson's ratio were determined from 
the equations, 


S ftl - T • 

’ 22 “’ "0 To 

(3) 


(4) 

S66<»> - t,2 To 

(5) 


respectively where t represents time, T was the absolute test temperature 
and To was the absolute reference temperature (taken as the primary Tg of 
453*K). The reduced properties $ 22 (t) and Vg^Ct) were obtained from creep 
test of [9O®]05 tensile specimens where <Jq was the applied stress. The 
reduced compliance Sgg(t) was obtained from creep test of Cl0°385 tensile 
specimens and v-| 2 (t) ‘'^'12 determined from equations (1) and (2). 

It should be noted that the method of reduced variables normally 
used for polymers [ll was used to write equations (3), (4), and (5), that 
Is 


where 
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»' and aro densities at temperatures T and To, respectively, and a-j is 
the shift factor. For most solids the variation of densities with tempera- 
ture is snwll and is often neeilected. The same has heen dono herein. 

Refore discussing results, it miyht.he appropriate to note that 
while creep tests were perfonned and compliances were calculated, we have 
elected to plot reciprocity of compliance in all cases. This was done such, 
that properties could readily be interpreted qualitatively as the modulus 
variations one might expect in a relaxation test. Of course, no reciprocity 
between modulus and compliance is implied by our data or its representation. 

Figure 4 illustrates the time- temperature behavior of the reduced 
reciprocal of S 2 .,(t), for short-time (16 min.) creep at various tempera- 
ture levels. The reduced comj'liance was calculated using equation (3). 

Figure .4. shows the. effect of time and ten^erature on indicates . .. 

that the effect of temperature. is greatest for T ^ Tg (- 100"C)». A portion 
of the master curve is shown in Figure 4, while the complete master curve 
is shown in Figure 5. where the reference temperature was taken as the 
primary transition temperature. 

Figures 6 and 7 show, respectively, the nwster curve for the recip- 
rocal of the reduced shear compliance, and the master curve for the redutu'd 
Poisson’s ratio. For all master curves, the change in creep properties is 
most pronounced after the primary transition temperature. 

Figure 8 shows the unreduced one minute recipi'ocal of compliance vs., 
temperature results for temperatures from T * ;’(V’C to T ^ ;’10'’C for the 
fgO"!., laminate. The results shown in Figure 8 are as expected and are 
quite similar to the results one would obtain for a neat epoxy resin llil’l. 
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Pach HMSter curvt' (reft*r to l Uiuin's t>, 6. 7) was obtaimni by 
iiraphically shifJLiml the reduciHi sh«rt-t1me curves, such as those shcnun 
in Fiflure 4. In some cases, the curves at various temperatures di^i not 
overlap, and thus the shi ft iofl procedure required interpolation betweer 
constant temperature curves. The interpolative procedure is illustrated 
by referrinq to Fiqure 0. The constant timt' curve was fitted by a poly- 
nomial equation relatinq reciprocal of compliance to temperature. This 
procedure, was repeated for other constant tiim' curves, It should be noted 
that the polynomial equations we^'e written in tevins of reduced reciprocal 
of compliance. Instead of reciprocal of compliance- as shown In Fiqure B. 
The resultinq polynomial equations were then used to interpolate between 
short-time test results, such as .those shown in. Fiqure 4, to produce a 
complete master curve. 

The values of the shift factor., a-f. as a function of temperature 
were obtained by qraphically shiftinq reduced, slwrt- time curves (such as 
shown in Fiqure 4) alonq the loq tinu' axis until one continuous curve was 
obtained, this corresponds to multiplyinq every value of the absicca of 
a parjtlcular constant temperature curve by a Constant factor, tn all 
cases the curves were bi'ouqht into aliqivnent with the curve correspondinq 
to the prinwry transition te«H'erature. The results are shown in Fiqinu' d. 
The shift factors for 1/S.^. and 1/S^^ an> essentially the sawK'. This 
result toqether with results for other fiber directions not included 
herein has established that . > shift factor is independent of fiber 
orientatioh. A similar result was obtained by Moeblertpah, Ishai, and 
PiUenedetto tld]. 
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The dlscrepahcy between the --educed e^,(t) shift factor ehd the 
other two components, as shown in fipure 9, mipht be the result of scatter 
the transverse strain data of the [Wlj, sppcis-ens. for these speci- 
«ns the-asial (load direction) strain chanped appreciably, whereas the 
transverse (fiber direction) strain showed small (approximately 6„ strain) 
random chanpes. Thus, it was diff-icult to draw smooth curves throuph the 
reduced v,, - lop ti,»e data (i.e.. curves similar to Fipure 4). which 
resulted in error in praphical shiftinp to find the shift..factor. 

several analytical equations have been proposed for the shift factor 
hebavior of polymers. An Arrhenius type equation is often observed when 

AH |1 11 (7) 

loq at ’ 2\jm IT ■ tol 

Where aH is the activation enerpy. R is the universal pcs constant, and . 

T„ is an arbitrary refe.-ence temperature. If the activation enerpy <s 
constant, a plot of lop ay versus ’ should be linear. Thus, it is easy to 

calculate the shift factor at an, temt-e,-ature less than T„. However. 

Figure 10 reveals a nonlinear relationship between log ay and y . The.-e- 
F„,-e. no further attempt was.nmde at using an Arrhenius type nation. 

Above the T<, a WLF type equation tU is often used to predict the 
shift factor behavior of polymers. The results, depicted in Figure P. show 
,„sonable apreen-ent between experi«ntal data and the WtF type equati^on. 
The constants in the WLF equation we,-e obtained by a best fit to the data 
end are different than those -u-mu-lly used for neat resins [1.21. Below 
the To. the shift function differs markedly from the MIF equation, as 
would be ex,H-cted. In addition, an inflection point in the shift function 
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cu^v^^ Is obfiorved at the Tg. 

t„ subswent calculations, nolther tho Arthenlus or MLF type equa- 
tions «ere used. . Instead, polynomial equations were fitted to the shift 
function *s. temperature results. The use of such equations will he 

apparent later. 

prediction of off-axis lamina compliance 

When usinq lamination theory 1t 1s necessary to calculate the trans- 
formed reduced compliances for a lamina arbitrarily oriented with respect 
to a laminate or global asis. system [10]. For an elastic lamina this can 

he accomplished using the four orthotropic properties (S„. Sj^. ^, 3 . 
s ) and the orthotropic transformation equation. In the present case, two 
p!opert 1 es.,S .3 and S^. are time dependent .and two properties. S„ and v,^. 
are time Independent. Thus, the orthotropic transformation equation can 

be written as» 

S„(t) ^ COS^ 0 a [%,(t) - Sln 2 0 cos^ n 

+ S22(T) 

where (t) denotes a function of time and represents the compliant 
the lamina at the angle a with respect to the fiber direction. Equation 
( 8 ) is the .iscoelastic analogue to the orthotropic elastic constitutive 
equation only for the case, that or v,^ Is In fact time Independent. 

Often, under certain circus, stances, the elastic version of equation 
( 8 ) IS us.nl td.p,e.11ct S,, or E,, of a tensile specimen with the fibers at 
an arb 1 tra.-y angle to the load (x> direction. [ 10 ]. In o.-der to assess the 
applicability of using the .sethod of niduced variables and «..ster curves 
a viscoelastic version of lamination theory, equation («) was used to 
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predict the off-dxis master curves for Sj^j^(t) of and [60^’]^^ 

laminates. 

As miy be understood from. an examination of Figure 4, a certain anwunt 
of experimental scatter was unavoidable. This was minimized by the snwo th- 
ing operation used In obtaining the master curve for a particular function. 
Similar comments can be made relative to the shift function aj. In addi- 
tion, temperatures, for each short-term test (16 min.) were difficult to 
repeat exactly. Therefore, 1t was desirable to work with the smoothed 
curves rather, than discrete data points and to produce the entire master 
curve from a computer program written for that purpose which could be 
eventually used In conjunction with a lamination stress analysis program. 
Toward this end, data was taken from the master curves of Figures 5 and 6 
for a generic point In time. This data was unreduced and by using the 
shift factor from the polynomial relation for aj as a function of tempera- 
ture for the appropriate point on the master curves of Sgg dnd Sgg, the 
master curve for S was produced. As stated earlier the results are 

Aa 

shown in Figures 11 and 12 for two different fiber orientations.. 

Also shown in Figures 11 and 12 are the master curves which were 
determined experimentally using the procedures described previously. As may 
be observed good agreement between experiment and our numerical solution 
of equation (8) was obtained. 

In an effort to quantify the experimental error of short-term test- 
ing for the master curvei and the calculation procedures used to determine 
off-axis master curves, twenty five hour creep tests were run for the- 
[ 10 ‘'l 83 » [30‘']gg, and [90‘’]g^ geometries at the reference tempera- 

ture of T = Tq - laO^’C. These results are shown superimposed on the 
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master curves of Htjurt's 5, 6» 11. and U. 

It ts Inti'TOStimi to noto that deviations hotwoon the twenty five 

Hour (1.5 K 10-' min) doU and the master curves (i.e.. S.,, and l»‘o- 
du ed fr« sixteen minute <1.5 x lo' min) tests were encountenxi. OHvious- 
ly. SUCH deviations could He due to eitHer the ex,.eri«ents or the method 
of H.x.ductnn the m.,ster curves. He believe that the reason is likely tlu^ 
former and represents us>u,l statistical variations encountered in c«u>os,te 

materials. 

Correlation between the three results, i.e.. short-term tests, pre- 
dictions. .and twenty five hour tests, for the (3" Ipj laminati i 1 
good, on the other hand, for the [btV],, laminate, correlations anmn., the. 
three results are only reasonable. Again, it is felt that the explanation 
for these coa,vtrisons can be attribute.1 to statistical variations nomtlly 
found in awosite material, .tnd tor that reason we feel the awariaons 

in all cases are i^inte 9 ®od. 

SUMMARY ANP CONCLUSIONS 

The results presented herein indicate tlut a particular graphite/ 
epoxy material.. T300/O.14. has properties which are both Uxnperature .nul 
„.,e dependent. It is likely that the results found are representative of 
other graphite/e,x.x,v materials and. in fact, other polv«x-r-based fiber n- 
iiiforced materials. 

specifically, it has been shown that a glass-tr.,nsttion temperature 
of graphite/epoxy can be established by standard «t1,ods. i.e.. nx-asuNm,™. 
of thetxaal expansions. It might be noted that efforts wen' amde to amasure 
expahstons usi.ni an extens.«.ter but that signiflc,.nt enor was Pioduced 
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diooctlon wooo quito-lowwith siqnificant aswunts of scattoo. 

Iho two compllaucos .-..pn-soutod by S.,,, amt wooo sh.-wn to bo timo 
aud tompooatuoo dopomk-ut. ospoclally at tomi'ooatuoos uoao aud above Iho 
polsmoy Tq. fuotlwo. It was shown that Iho data could bo used to pooduco 
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ftiiu*tions wore obtiilood lUid 
*'«. two timet ions. Shift funenons* m 

«,a.to» Arrhenius tvpo equation did not model the data well. 

It was shown that an Airntm .» , ..,j ♦i,a chi ft 

uiF tvoe equation [H and the snirv 
However, reasonable aqreement betwem a WL Yt 

factor for temperatures above the.Tq was obtained. 

The «.ster curves and shift functions were used In conjunction with 

, viscoelastic orthetropic transforation equation and 

to off-axis tensile geometries were predicted, n a i 
'"'T fTve hour creep tests were pefomed and the results compared to pro- 

dictions. In all cases attributable to 

.. o^wt^tions were encountered and could be attnbutaoi 

were reasonable. ^ x t« the analytical methods 

. /chnrt- or lonq-tem) or to the anaiyxi^-* 

either the experiments (shoit 

used to make the predictions. 

The fundamental conclusions to. draw from this inves qx 
. p..ope.-t,e. .. t1« pn. t^ePa- - 

; Matrix dominated prov^ortles are time and tempeiature stns 
. carv... of matrix a™,ioatod p,-opertios can to prodnee. . 

. Prodictiona of tranxfo.»d roduced ttiffnexo master curves can 

be made bv usual procedures. 

Homs ossontianv moan .at a , ami nation .nor, epn- 

-.ona. Pr.oduro inciudind poroin 

p„d,ahly thu »mst im,«rtant s,pn . 

is that composite structural compononts should 

. . ,r tho Tu. If such woro to happen sidhiftoo"* 
temperatures In excess i . 

1 i..nMist1c effects should be expected, 
nwtrlx and Interply vlscoclastU 
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Master Curve of the Reduced Minor Poisson Ratio at 180 C. 
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